Erythropoiesis-stimulating agent (ESA) responsiveness has been reported to be associated with increased mortality in hemodialysis (HD) patients. ESA requirement to obtain the same hemoglobin (Hb) level is different between HD and peritoneal dialysis (PD) patients. In this study, we investigated the impact of ESA responsiveness on mortality between both HD and PD patients. Prevalent HD and PD patients were selected from the Clinical Research Center registry for end-stage renal disease, a prospective cohort study in Korea. ESA responsiveness was estimated using an erythropoietin resistant index (ERI) (U/kg/week/g/ dL). Patients were divided into three groups by tertiles of ERI. ESA responsiveness was also assessed based on a combination of ESA dosage and hemoglobin (Hb) levels. The primary outcome was all-cause mortality. A total of 1,594 HD and 876 PD patients were included. The median ESA dose and ERI were lower in PD patients compared with HD patients (ESA dose: 4000 U/week vs 6000 U/week, respectively. P<0.001, ERI: 7.0 vs 10.4 U/kg/week/g/dl, respectively. P<0.001). The median follow-up period was 40 months. In HD patients, the highest ERI tertile was significantly associated with higher risk for all-cause mortality (HR 1.96, 95% CI, 1.07 to 3.59, P = 0.029). HD patients with high-dose ESA and low Hb levels (ESA hypo-responsiveness) had a significantly higher risk of all-cause mortality (HR 2.24, 95% CI, 1.16 to 4.31, P = 0.016). In PD patients, there was no significant difference in all-cause mortality among the ERI groups (P = 0.247, log-rank test). ESA hyporesponsiveness was not associated with all-cause mortality (HR = 1.75, 95% CI, 0.58 to 5.28, P = 0.319). Our data showed that ESA hypo-responsiveness was associated with an increased risk of all-cause mortality in HD patients. However, in PD patients, ESA hyporesponsiveness was not related to all-cause mortality. These finding suggest the different prognostic value of ESA responsiveness between HD and PD patients.
Introduction
Correction of severe anemia toward the conventional hemoglobin (Hb) target level using erythropoiesis-stimulating agents (ESA) has beneficial effects on the reduction of left ventricular mass in patients with hemodialysis (HD) [1] [2] [3] [4] [5] . In spite of the beneficial effect of ESA on cardiovascular prognosis, the survival benefit provided by the ESA-induced increase in Hb levels has been questioned [6, 7] . Previous studies have reported that the response to ESA treatment is associated with the survival rate, and that hypo-responsiveness to ESA treatment is a known predictor of poorer outcome in patients on HD [8] [9] [10] [11] [12] .
The prevalence and severity of anemia is lower in patients on peritoneal dialysis (PD) than in patients on HD [13, 14] . Furthermore, patients on PD have lower requirements of ESA to obtain the same Hb level, compared with patients on HD [15] [16] [17] . For these reasons, it may be postulated that the impact of the response to ESA treatment on mortality may differ between patients with HD and PD. For the association of ESA hypo-responsiveness and mortality in PD patients, US study and the Netherland Cooperative study on the Adequacy of Dialysis (NECOSAD) study reported that ESA hypo-responsiveness was associated with higher morality in both PD patients and HD patients [16, 17] . Interestingly, US study showed the different pattern of ESA dose on mortality between patients with HD and PD [17] . In PD patients, there was some increased risk only when the ESA doses exceeded 15,000 U/week, while the association of ESA dose with mortality was linear, robust and incremental in HD patients [17] . Furthermore, considering of international differences of trends in ESA use and Hb levels in dialysis patients [18, 19] , the impact of ESA responsiveness on mortality in HD and PD patients may vary among the countries and ethnic group.
In this study, we investigated the impact of ESA responsiveness on all-cause mortality in the HD and PD populations in the Clinical Research Center (CRC) registry for end-stage renal disease (ESRD) cohort, an observational prospective cohort study conducted in Korea.
Materials and Methods

Study Population
All patients in this study participated in the CRC for ESRD. This is an ongoing observational prospective cohort study in patients with ESRD from 31 centers in Korea. The cohort was established in April 2009 and includes adult (>18 years of age) dialysis patients. A total of 1,811 prevalent patients on HD and 1,174 prevalent patients on PD were enrolled in this cohort. For the present study, we excluded patients for whom information about their ERI was not available (n = 217, n = 298). Finally, 1,594 HD and 876 PD patients were included in the final analysis. The CRC registry for ESRD was approved by the medical ethics committees of all participating hospitals and informed consent was obtained from all patients before inclusion.
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Data Collection
Baseline demographic and clinical data including age, gender, height, weight, systolic blood pressure (BP), diastolic BP, co-morbidities, laboratory investigations, nutritional status and therapeutic characteristics were recorded. Serum Hb, total cholesterol (TC), albumin, calcium, phosphorus and intact parathyroid hormone (iPTH) levels were determined from blood samples. The single-pool Kt/V (spKt/V) was determined by two-point urea modeling based on the intradialytic reduction in blood urea and intradialytic weight loss [20] . The calculation of weekly Kt/V was performed by standard methods, using data from 24-hour dialysate and urine collections [21] . For the assessment of co-morbidity, a modified Charlson comorbidity score was used [22] . Nutritional status measured by subject global assessment of nutritional status (SGA): the well-nourished group had a score of 6-7, the mild-moderate malnourished group a score of 3-5, and the severe malnourished group a score of 1-2. The darbepoietin doses were harmonized with erythropoietin data by multiplying by 200 [23] .
For the assessment ESA responsiveness, we used the ESA resistance index (ERI), calculated as the weekly weight-adjusted dose of ESA (U/kg/week) divided by the Hb concentration (g/ dL) [5, 8] . HD and PD patients were divided into 3 groups, by tertiles of ERI, as follows: HD patients; Tertile 1, ERI < 6.57; Tertile 2, 6.57 ERI < 14.74; and Tertile 3, ERI 14.74 and PD patients; Tertile 1, ERI < 4.06; Tertile 2, 4.06 ERI < 10.1; and Tertile 3, ERI 10.1 U/kg/ week/g/dL.
We also categorized ESA responsiveness based on a combination of ESA dosage (high: median value of ESA dose or low: < median value of ESA dose) and Hb levels (high: 10 g/dL or low: <10 g/dL). Thus, ESA responsiveness was divided to 4 categories combining the categorical determinants of ESA dosage (2 groups) and Hb levels (2 groups).
Outcomes
The primary outcome of this study was all-cause mortality. For each death, the principal investigator at the given institution completed a form that included cause of death according to the CRC registry for ESRD study classification. Dates and causes of mortality were immediately reported throughout the follow-up period.
Statistical Analyses
Data with continuous variables and a normal distribution are presented as mean ± SD and those without a normal distribution are presented as the median with ranges as appropriate for the type of variable. Student's t-tests, Mann-Whitney tests, One-way ANOVA tests or KruskalWallis tests were used, as appropriate, to determine the differences in continuous variables.
Categorical variables are presented as percentages. Pearson's chi-square tests or Fisher's exact tests were used to determine the differences in categorical variables.
Absolute mortality rates were calculated per 100 person-years of follow-up. Survival curves were estimated by the Kaplan-Meier method and compared by the log-rank test according to the ERI categories. The Cox proportional hazards regression model was used to calculate a hazard ratio (HR) with a 95% confidence interval (CI) for all-cause mortality, using the ERI of tertile 1 as the reference value. A value of p<0.05 was considered statistically significant. Statistical analyses were performed using SPSS 18 software (Chicago, IL, USA).
Results
Patient Characteristics
A total of 1,594 HD and 876 PD patients were included. The baseline characteristics of the HD and PD patients enrolled as subjects in this study are shown in Table 1 . The mean ages of HD and PD patients were 58±13 years and 54±12 years, respectively. The prevalence of diabetes and previous cardiovascular disease was lower in PD patients. The modified Charlson co-morbidity score was lower in PD patients compared with HD patients. Hb levels showed no significant difference between HD and PD group. The ESA dose was lower in PD patients compared with HD patients (4000 U/week vs 6000 U/week, respectively. P<0.001). The ERI was lower in PD patients than in HD patients (7.0 U/kg/week/g/dl vs 10.4 U/kg/week/g/dl, respectively. P<0.001). The most common ESAs used are Epoetin alfa and Darbepoietin alfa. The use of Epoetin alfa in HD patients is higher than PD patients. There was no significant difference in the use of Epoetin beta and Darbepoietin alfa between HD and PD patients.
With respect to iron treatment, oral iron therapy use was more prevalent in PD patients than in HD patients, while intravenous iron therapy showed a lower rate in PD patients than in HD patients. Serum iron levels were higher in PD patients and there were no significant differences in transferrin saturation (TSAT) and serum ferritin in either group. Serum albumin and high sensitivity C-reactive protein (hsCRP) levels were higher in HD patients. Fig 1 shows the distribution of patients according to their ERI in HD and PD patients. At ERI values of less than 15 U/kg/week/g/dL, PD patients were more prevalent than HD patients, while HD patients were more prevalent that ERI values above 15 U/kg/week/g/dL. Table 2 shows the baseline characteristics of patients by ERI tertiles according to dialysis modality. Among HD patients, patients in the highest ERI tertile were more likely to be female, receive intravenous iron therapy, undergo a longer period of dialysis therapy, have higher serum ferritin levels, hsCRP, spKt/V and have lower prevalence of previous CVD history, SGA scores, body weight, and serum levels of hemoglobin, iron and albumin. There were no significant differences in age, prevalence of diabetes, modified Charlson co-morbidity score, or serum levels of TAST, iPTH and TC. Among PD patients, patients within the highest ERI tertile were more likely to be female, younger than lower ERI tertile groups, had lower body weights and lower serum levels of hemoglobin, iron and albumin. Patients within the higher ERI tertile had a higher iPTH and weekly Kt/V. There were no significant differences in prevalence of diabetes and cardiovascular diseases, modified Charlson co-morbidity score, SGA score, iron treatment, or serum levels of ferritin, hsCRP, and TC.
Relationship between ERI and All-Cause Mortality
The median follow-up period was 40 months (interquartile range, 23-54 months). During the follow-up period, 358 HD patients and 186 PD patients left the study. Among HD patients, the reasons for withdrawal included kidney transplantation (n = 98), transfer to a nonparticipating hospital (n = 158), refusal to participate further (n = 50), patient's condition (n = 17) or others (n = 35). Among PD patients, the reasons for withdrawal included kidney transplantation (n = 77), transfer to a nonparticipating hospital (n = 53), refusal to participate further (n = 17), patient's condition (n = 3) or others (n = 36). There were 159 deaths in HD patients and 135 deaths in PD patients during the follow-up period.
The most common cause of death was cardiovascular disease (38.5% of all deaths) in HD patients and infectious disease (31.9% of all deaths) in PD patients. Table 3 shows the causes of death of the study population by tertiles of ERI. The absolute mortality rate was 3.28 deaths per 100 person-years in HD patients and 4.85 deaths per 100 person-years in PD patients. Fig 2  shows the Kaplan-Meier plot of patient survival by ERI tertile in HD and PD patients. In HD patients, all-cause mortality was significantly increased in the highest ERI tertile compared to those in lower ERI tertiles (P = 0.019, log-rank test). In PD patients, there was no significant difference in all-cause mortality among the three groups (P = 0.247, log-rank test). Univariate and multivariate Cox regression analyses for all-cause mortality in HD and PD patients are shown in Table 4 . In HD patients, the crude HR for all-cause mortality in ERI tertile 3 was 1.70 (95% CI, 1.16 to 2.51, P = 0.007), when tertile 1 was used as the reference category. In multivariate Cox regression analysis, the adjusted HR for all-cause mortality in ERI tertile 3 was 1.96 (95% CI, 1.07 to 3.59, P = 0.029), even after adjusting for differences in demographics, laboratory data and co-morbid conditions. In PD patients, the crude HRs for mortality in ERI tertiles 2 and 3 were 0.73 (95% CI, 0.49 to 1.10, P = 0.135) and 0.76 (95% CI, 0.50 to 1.15, P = 0.194), respectively, using tertile 1 as the reference category. Even in multivariate Cox regression analysis, there were no significant differences in all-cause mortality among the tertiles: HR 1.13 (95% CI, 0.56 to 2.29, P = 0.741) for tertile 2, and HR 0.55 (95% CI, 0.21 to 1.43, P = 0.223) for tertile 3.
In addition to using the ERI, we also analyzed the relationship between all-cause mortality and ESA responsiveness based on a combination of ESA dosage and hemoglobin levels. Table 5 shows univariate and multivariate Cox regression analyses between categories of ESA responsiveness and all-cause mortality. In HD patients, patients with high-dose ESA and low Hb There was no significant difference in all-cause mortality among the four groups (P = 0.129, log-rank test, data not shown).
Discussion
In this multicenter prospective observational study performed in Korean ESRD population undergoing dialysis, we demonstrated that ESA responsiveness, calculated either by the ERI or by categorization based on combining ESA dose and Hb levels, was associated with all-cause mortality in HD patients, whereas it was not related to all-cause mortality in PD patients. Our findings suggest that the impact of the response to ESA treatment on all-cause mortality may be different between HD and PD patients. The reasons why ESA responsiveness was not associated with all-cause mortality in PD patients in this study, while ESA hypo-responsiveness was associated with an increased risk of all-cause mortality in HD patients, are unclear. However, a number of explanations can be proposed.
First, as shown in Fig 1, the proportion of patients with high enough erythropoietin resistance to influence mortality in PD patients was so small that it may have resulted in the observed non-significant association between ERI and mortality in PD patients. A previous study reported that ESA requirements and ERI are lower in PD patients compared with HD patients [15] [16] [17] . Blood loss in HD sessions in HD patients may cause the increase in ESA Data are expressed as means ± SD, medians (interquartile range) or numbers (percentages), as appropriate. ERI, erythropoietin resistance index; BP, blood pressure; CVD, cardiovascular diseases; CCI, Charlson co-morbidity index; Ccr, creatinine clearance;
ESA, erythropoiesis-stimulating agent; HD, hemodialysis; hsCRP, high sensitivity C-reactive protein; IV, intravenous; Kt/V: K, dialyzer clearance; t, time; V, volume of water a patient's body contains; PD, peritoneal dialysis; PTH, parathyroid hormone; SGA, subject global assessment; TSAT, transferrin saturation.
doi:10.1371/journal.pone.0143348.t002 Table 3 . Causes of death of the study population by tertiles of ERI. Tertile 1  Tertile 2  Tertile 3  Tertile 1  Tertile 2  Tertile 3 Cardiovascular diseases including cerebrovascular diseases, n (%) 16 requirements in HD patients [15] . In this study, similar to the results of the previous study, ERI was lower in PD patients compared with HD patients [24, 25] . In HD patients, an ERI 14.74 U/kg/week/g/dL (tertile 3) was associated with all-cause mortality. The proportion of patients with an ERI 14.74 U/kg/week/g/dL in PD patients was only 18.9%. Therefore, the small proportion of patients with high enough erythropoietin resistance to influence clinical outcomes in PD patients may have contributed to the finding of a non-significant association between ERI and all-cause mortality. Second, differences in the factors that condition the response to erythropoietin between HD and PD patients may have caused a different impact of ERI on mortality between HD and PD patients. ERI has been reported to be closely related with severe inflammation or malnutrition in HD populations [8, 26] . The results of our study, similar to those reported in previous studies, demonstrated that ERI was positively correlated with an acute-phase response in the form of increased serum hsCRP levels and serum ferritin levels, and negatively correlated with SGA score and serum albumin levels in HD patients (Table 1 ). However, in PD patients, ERI was not significant correlated with SGA score, serum hsCRP and serum ferritin levels, although ERI was negatively correlated with serum albumin levels. These findings suggest that ERI more extensively reflects inflammatory and nutritional status, which are established risk factors for mortality in dialysis patients, in HD patients compared with PD patients. Therefore, it may be postulated that although ERI had prognostic value in HD patients, it had insufficient prognostic power to predict mortality in PD patients. Third, differences in the administration route of ESA between HD and PD patients may have resulted in the different impact of ERI on mortality between HD and PD patients. As subcutaneously administered ESA such as Epoetin alfa or Darbepoietin alfa has a longer half-life than intravenously administered ESA, subcutaneous administration of ESA reduces the ESA requirements and can be more effective than intravenous administration [27, 28] . As shown in Table 1 , the most common ESAs used in this study are Epoetin alfa and Darbepoietin alfa. Subcutaneous administration of ESA is common in PD patients and consequently more prevalent in PD patients than HD patients, which reduces the ESA requirements in PD patients. It may be cautiously postulated that the lower ESA requirements and the lesser prevalence of resistance to ESA in PD patients may lessen the prognostic power of ERI on mortality.
HD PD ERI
For the association of ESA responsiveness with mortality in PD patients, our findings is not compatible with the results of previous studies reporting that low ESA responsiveness is associated with higher risk of mortality in PD patients [16, 17] . This discrepancy may be due to differences of trends in anemia practice such as ESA use or the populations of the studies from previous studies [18, 19] . In US study, usual ESA dose used in clinical practice was not associated with mortality and it was associated with higher risk of mortality when the ESA doses exceeded 15,000 U/week in PD patients [17] . In this Korean study, the percentage of patients with a weekly ESA dose > 15,000U/week was so small (1.1%), which may mitigate the impact Median value of ESA dose in peritoneal dialysis patients.
ESA, erythropoiesis-stimulating agent; Hb, hemoglobin; N, number of patients; HD, hemodialysis; PD, peritoneal dialysis; HR, hazard ratios; CI, confidence interval; P, P-value.
of ESA responsiveness on mortality and resulted in disparity in ESA dose-mortality association between two the two studies. In this study, the prevalence of previous CVD history at enrollment was significantly higher in the lowest ERI group than higher ERI group in HD (Table 2) , which is inconsistent with the notion that higher ERI predict CVD in HD patients. Although the reason for this result is unclear, in consideration that old age is strong predictor of CVD in HD patients, we cautiously supposed that older age in tertile 1 may contribute higher prevalence of previous CVD history in baseline characteristics compared with higher tertles in HD patients (Table 2) .
Our study has several limitations. First, the design of our study was not a randomized, controlled study. Second, in spite of the multicenter nature of the study, the cohort consisted of only Korean patients and all were Asian. Thus it is uncertain whether our results can be generalized to other ethnic groups with ESRD. Third, we could not analyze the effects of changes in ERI levels on all-cause mortality during the follow-up period because only baseline data were used.
In conclusion, our data show that ESA hypo-responsiveness was associated with increased risk of all-cause mortality in HD patients. However, ESA hypo-responsiveness was not related to mortality in PD patients. These findings suggest that the impact of ESA responsiveness on all-cause mortality is different between patients with HD and PD, and the interpretation of ESA responsiveness should be performed carefully in accord with the dialysis modality utilized.
